SUMMARY Risks of serious hereditary damage in the first and second generations after low level radiation exposure and at equilibrium were calculated by using a doubling dose of 100 rem (based on experimental work with the mouse) and by considering separately the various categories of genic and chromosomal defect. Prenatal lethality has not been included. It is estimated that after the exposure of a population of future parents to a collective dose of 1 million man-rem, about 125 extra cases of serious genetic ill health would appear in children and grandchildren. In all future generations, a total of about 320 cases is expected, provided the population remains of constant size. It is emphasised, however, that a number of major assumptions have to be made in order to arrive at any overall genetic risk estimate, so that the confidence limits of these figures are bound to be wide.
Although various attempts have been made to evaluate the magnitude of human genetic risk from ionising radiation, most of these assessments have been incomplete. Figures have been given for some categories of risks but others have been omitted because of lack ofevidence. Moreover, little attention has been paid to the severity of these risks compared with those resulting from the somatic effects of radiation. For LET irradiation (that is 1 rem or 10 mSv) would be expected to increase the mutation frequency by 1 %. This is on the assumption of linear dose-response relationships, for which there is strong evidence for both mutations and chromosome damage in spermatogonia of mice with chronic exposures.5 6 Recently, Evans et Since these genetic risk estimates were to be compared with somatic risk estimates based mainly on cancer deaths, it was decided to consider the frequencies of only those hereditary conditions which had severe effects, such as congenital malformations and crippling disease. Intrauterine death was not regarded as a severe manifestation from this point of view.
Calculations for chromosomal diseases
The chromosomal conditions which add most to the human genetic load are thought to be the unbalanced products of translocations (both reciprocal and Robertsonian) and the various types of aneuploids which survive to birth, such as Down's syndrome (trisomy for chromosome 21), Klinefelter's syndrome (XXY), and Turner's syndrome (XO). It is known that reciprocal translocations can be induced by irradiation of both male and female germ cells, but the evidence is less good for Robertsonian (whole arm) translocations.8 The trisomic conditions arise by a process of non-disjunction, which is known to be increased by irradiation in various species including mice. The monosomic conditions may arise by non-disjunction or by chromosome loss, the latter also being inducible by radiation.9 However, only the XO condition may survive to birth.
TRANSLOCATIONS
The doubling dose method is not used for these, as some direct evidence is available from acute xirradiation of human testes. Brewen et al'0 estimated the rate of induction of balanced reciprocal translocations in spermatogonial stem cells of man and marmosets to be 7 7 x 10-4 per rad, with doses of up to 100 rad. A lower mutation rate would be expected at lower doses and at low dose rates. Thus, Searle et al1l found that the translocation frequency was halved after spermatogonial irradiation of mice with 300 rad when the dose rate was lowered from 90 rad/min to 0 09 rad/min. However, the reduction factor was 0-1 when acute doses of 600 rad x-rays were compared with the same 'y-ray dose at 0-02 rad/min.12 A reduction factor of 0 5 for protraction of dose was used in the present calculations, bearing in mind that the human x-ray doses were below 100 rad.
If the frequency of balanced translocations in spermatocytes is p, the expected frequency in resultant gametes is p14 for balanced and p12 for unbalanced translocations. Ford et al 13 found that after a large fractionated x-ray dose to mouse spermatogonia, the actual transmission of translocations was only half that expected. It is not yet clear, however, whether this reduced transmission is a general phenomenon in mammals, so the expected frequencies shown above have been used.
From the above considerations the rate of induction of unbalanced translocations in the gametes of those exposed was estimated as 7-7 x 10-4 x 0 5 (protraction) x 0 5 (transmission) per rad, which is 193 x 10-6, leading to double this frequency in resultant zygotes. Most of these zygotes would die in early embryonic life because of their chromosomal imbalance but it has been calculated14 that about 6 % would survive to birth with severe congenital malformations. Thus, the expected frequency of these would be about 23 (table) .
Calculations for genic diseases
These diseases will comprise dominant and recessive as well as multifactorial conditions. An unknown fraction of these will be caused by small chromosomal deficiencies, behaving similarly to gene mutations. For radiation protection purposes, interest will be limited to those conditions the population frequencies of which are maintained by mutation rather than by selective forces. For these and other reasons, it was considered essential to treat separately the following categories: (1) simple dominants and sex-linked conditions; (2) dominants of incomplete penetrance; (3) multifactorial conditions; and (4) Many of these dominant mutations showed incomplete penetrance for some or all of their effects and could be regarded as models for similar irregularly inherited human conditions. The authors concluded that an important fraction of these conditions were maintained by mutation pressure rather than by balanced selection.
It is recognised that the approach to equilibrium of dominants of late onset and of incomplete penetrance might be slowed by genetic counselling and, in the future, by prenatal diagnosis and selective abortion. For instance, ifeffective genetic counselling were introduced for Huntington's chorea, the mean survival time of each mutant might be reduced from ten to two generations. The equilibrium birth frequency in north-west Europe would then be reduced from 5 x 10-4 to 10-4 (C 0 Carter, 1976, personal communication).
MULTIFACTORIAL CONDITIONS
Occasional pedigrees are seen which suggest a dominant or irregularlydominant modeofinheritance of what are otherwise regarded as multifactorial conditions; these have been dealt with above. Most of the remaining cases seem to be maintained at their present frequencies through some mechanism of stabilising selection rather than mutation. The observed incidence of such a disorder in a given population is characterised by a relatively high frequency, a non-dominant pattern of inheritance, and a familial pattern of incidence (twins, sibs, cousins) indicating multifactorial inheritance. If it is assumed that the frequencies are dependent upon mutation, it becomes necessary to postulate improbably high spontaneous mutation frequencies for a significant fraction of the genome.
Since the frequencies are believed to be maintained by selection, an increase in the mutation rate is not taken to influence the prevalence of the condition. Also, the frequencies and activities of the various alleles of the several genes involved in any one condition are not known.
Examples On the other hand, some alleles which have deleterious effects in the homozygous condition, and are therefore classed as recessive, may have some heterozygous advantage. These are not maintained in the population by recurrent mutation, as discussed above, so can be disregarded.
Newly induced recessive mutations with little or no heterozygous effect may be expressed in homozygous condition in later generations. The probability of a newly induced recessive mutation pairing up with a previously existing mutant allele at the same locus, so that the deleterious condition is expressed already in the first generation after exposure, is regarded as negligibly low. In general, homozygous effects of induced recessives will be spread over hundreds of generations, with a very slow attainment of equilibrium. In view of the diagnostic techniques that can be foreseen today, one would expect that within a few generations' time identification of recessive alleles of genetic ill health will be possible in the heterozygote or prenatally in the homozygote, with corresponding reduction in severity through genetic counselling and therapeutic abortion. It would be unrealistic to assume constant levels of knowledge in clinical genetics or constant reproduction patterns over periods of many centuries.
For the above reasons, and in the context of radiation protection, it was thought that true recessives would probably not contribute significantly to the extra mutation load following low level radiation exposure; therefore no value has been entered for this category in the table. This is in keeping with the findings of the BEIR Committee23 and UNSCEAR2 has since followed a similar line.
The evaluation of recessive mutational effects is very difficult and, not surprisingly, members of the Task Group were not unanimous in their views on this subject. Two corresponding members have stated that "the risk from 'nominal' recessive disorders, although largely concealed for many generations, may be a far graver problem than all other hazards combined, especially if these so-called recessives have any significant effects in the heterozygotes. However, in the present state of our knowledge this aspect of the risk problem is extremely difficult to quantify" (J H Edwards and J V Neel, 
